The cellular pool levels of most of the cytoplasmic precursors of peptidoglycan synthesis were determined for normally growing cells of Escherichia coli K-12. In particular, a convenient method for analyzing the uridine nucleotide precursor contents was developed by associating gel filtration and reverse-phase highpressure liquid chromatography techniques. The enzymatic parameters of the four synthetases which catalyze the stepwise addition of L-alanine, D-glutamic acid, meso-diaminopimelic acid, and D-alanyl-D-alanine to uridine diphosphate-Nacetylmuramic acid were determined. It was noteworthy that the pool levels of Lalanine, D-glutamic acid, meso-diaminopimelic acid, and D-alanyl-D-alanine were much higher than the Km values determined for these substrates, whereas the molar concentrations of the uridine nucleotide precursors were lower than or about the same order of magnitude as the corresponding Km values. Taking into consideration the data obtained, an attempt was made to compare the in vitro activities of the D-glutamic acid, meso-diaminopimelic acid, and D-alanyl-Dalanine adding enzymes with their in vivo functioning, expressed by the amounts of peptidoglycan synthesized. The results also suggested that these adding activities were not in excess in the cell under normal growth conditions, but their amounts appeared adjusted to the requirements of peptidoglycan synthesis. Under the different in vitro conditions considered, only low levels of L-alanine adding activity were observed.
anine, D-glutamic acid, meso-DAP, and D-alanyl-D-alanine. Furthermore, the synthesis of D-alanyl-D-alanine from L-alanine is catalyzed by two additional specific enzymatic activities (17, (21) (22) (23) . Conditional lethal mutants of E. coli having lesions in certain of these enzymes have been described, and most of the mutations have been mapped (see reference 34 for references before 1978) (5, 36).
However, there is as yet little information regarding the properties of these enzymes and their in vivo regulation in E. coli. Because of the impossibility of accumulating high amounts of UDP-MurNac-pentapeptide, either by antibiotics or by mutation, in E. coli K-12, and owing to the fact that UDP-MurNac-tripeptide does accumulate after treatment with D-cycloserine, it has been speculated that UDP-MurNac-pentapeptide can regulate its own concentration by feedback inhibition (22) . Subsequently, this uridine nucleotide precursor was found to inhibit UDPGlcNac-enolpyruvate synthetase, which catalyzes the first step of this system of biosynthesis, but doubts remained as to the physiological significance of this observation (41) . More recently, evidence has been presented indicating that the synthesis of UDP-MurNac peptides during amino acid deprivation in E. coli is regulated by the relA gene product and that there is a feedback inhibition of an unidentified enzyme by UDP-MurNac-pentapeptide (12) . A regulatory function was also suggested for a specific peptidase activity detected in E. coli (11) which catalyzes the conversion of UDP-MurNac-pen- Owing to the specificity of the enzymatic reactions involved in peptidoglycan synthesis, as well as their occurrence only in bacteria, specific inhibitors of these reactions can be considered as potential antibacterial agents. It is well known that the enzymes catalyzing the formation of UDP-GlcNac-enolpyruvate, D-alanine, and D-alanyl-D-alanine are the targets of antibiotics such as fosfomycin and D-cycloserine (7) . Several attempts have recently been made to synthesize compounds capable of interfering specifically with such reactions (see references 7 and 32 for additional references). Among them, alafosfalin is a well-documented case (7) . Undoubtedly, a better understanding of the cytoplasmic reactions of peptidoglycan synthesis and their regulation could be a help in designing new antibacterial agents on a more rational basis.
One method for studying the factors regulating the flow of metabolites through this reaction sequence is to determine the pool levels of the intermediates, which, surprisingly, have not been extensively studied. One reason for this is probably the difficulty in conveniently analyzing complex mixtures of the uridine nucleotide precursors. In the present paper, the pool levels of most of the substrates involved in the cytoplasmic steps of peptidoglycan synthesis were determined for normally growing cells ofE. coli K-12. In particular, new techniques recently developed (6) for the analysis of the uridine nucleotide precursors by reverse-phase high-pressure liquid chromatography (HPLC) were used. Furthermore, the enzymatic parameters of the four activities (UDP-MurNac-L-Ala synthetase, EC 6.3.2.8; UDP-MurNac-L-Ala-D-Glu synthetase, EC 6.3.2.9; UDP-MurNac-L-Ala-y-D-Glu-meso-DAP synthetase, EC 6.3.2.13; and UDPMurNac-L-Ala-'y-D-Glu-meso-DAP-D-Ala-D-Ala synthetase, EC 6.3.2.15) were determined. These enzymes are also designated as the Lalanine, D-glutamic acid, meso-DAP, and Dalanyl-D-alanine adding enzymes, respectively. Taking into consideration the data obtained, an attempt was made to compare the in vitro activities of these enzymes with their in vivo functioning.
MATERIAULS AND METHODS
Bacterial stran and growth conditions. The only bacterial strain used in this study was E. coli K-12 HfrH, which was a gift from J. C. Patte (Institut de Microbiologie, Orsay, France). This strain was grown at 37°C in either minimal medium M63 (26) supplemented with glucose (0.2%) and thiamine (0.5 mg/liter) or rich medium containing, per liter, 7.5 g of yeast extract (Institut Pasteur Production), 5 g of peptone (pastose; Institut Pasteur Production), 5 g of NaCl, and 1 g of Na2HPO4'12H20. In all cases, 2-liter Fernbach flasks containing 500 ml of medium were inoculated with 5 ml of an overnight preculture, and cultures were routinely incubated under vigorous aeration in a New Brunswick water bath shaker. Cell growth was monitored at 600 am in a Gilford spectrophotometer (model 240). Cell counts were determined with a Coulter Counter as previously described (18) . The generation time of the cells grown in rich medium was 38 min, whereas that of the cells grown in minimal medium was 60 min. All experiments were initiated when the optical density of the exponential-phase cultures reached 0.7, corresponding to one-third maximal growth. At this point, the bacterial population was the same for both media and equal to 3.8 x 10' cells per ml.
Extrction of the free amino acids and UDP-MurNac derivatves. Cells from a 2-or 4-liter culture were rapidly chilled to 0°C and harvested in the cold. After the supernatant fluid was discarded, the inside wall of the centrifuge tubes was carefully wiped to remove as much growth medium as possible. Bacteria were directly suspended in 20 ml of boiling water and heated at 100°C for 20 min. After chilling in ice water, cold trichloroacetic acid was added to a final concentration of 5%. The resulting suspension was kept at 4C for 20 min before centrifugation (15 ,000 x g for 20 min). The recovered supernatant was extracted three times by ether to remove trichloroacetic acid, and the solution was adjusted to pH 7 by ammonia and lyophilized.
Isolation of peptidoglycan. Cells from 1 liter of culture were rapidly chilled to 0°C and harvested. Pellets were rapidly suspended under vigorous stirring in hot (95 to 100°C) 4% sodium dodecyl sulfate (10 ml/g [wet weight] of bacteria). After staying overnight at room temperature, the suspension was centrifuged for 1 h at 100,000 x g, and the pellet was washed several times with water. The final pellet was suspended in 1 ml of 0.1 M potassium phosphate buffer (pH 7.4), and the suspension was incubated overnight at 37°C with 0.05% (wt/vol) pancreatin. After centrifugation (90 min at 100,000 x g) and washing with 0.01 M Tris-hydrochloride buffer (pH 7.4), the pellet was suspended in 1 ml of this buffer and incubated overnight at 37C with 0.02% (wt/vol) pronase. After centrifugation (90 min at 100,000 x g), the pellet was suspended in 1 ml of 0.02 M potassium phosphate buffer (pH 7.8) The wet cell pellet (ca. 2.5 g) was suspended in 5 ml of the same buffer and disrupted by sonication (Sonicator 150; T.S. Ultrasons, Annemasse, France) 10 times for 1 min with 1-min intervals for cooling. The resulting suspension was centrifuged for 45 min at 100,000 x g.
The supernatant was dialyzed against 0.02 M potassium phosphate (pH 7) containing 1 mM EDTA, and the resulting solution (230 mg of protein per 9.5 ml), designated as the crude enzyme, was stored at -20°C for several months without significant loss of the four adding enzyme activities studied in the present paper.
Enzymatic assays. Assays for the four adding enzymes which catalyze the stepwise addition of Lalanine, D-glutamic acid, meso-DAP, and D-alanyl-Dalanine were based on the determination of the radioactive nucleotide formed after incubation of a corresponding radioactive amino acid or dipeptide with the appropriate UDP-MurNac derivative in the presence of ATP, Mg2+, and crude enzyme.
The L-alanine adding enzyme was assayed by fol- Mixtures were incubated at 37°C for 30 min, and reactions were terminated by the addition of 20 ,ul of acetic acid. Reaction products were separated by highvoltage electrophoresis on Whatman 3MM filter paper in 2% formic acid (pH 1.9) for 45 min at 40 V/cm, and the radioactive spots were located by overnight autoradiography (Kodak Kodirex X-ray film). The two radioactive spots (substrate and product) were cut out and counted in an Intertechnique SL 30 liquid scintillation spectrometer with a solvent system consisting of 2 ml of water and 13 ml of a mixture containing, per liter of dioxane, 300 mg of 2,2'-p-phenylenebis(5-phenyloxazole) (POPOP), 6 g of 2,5-diphenyloxazole (PPO), and 100 g of naphthalene.
A unit of each enzyme activity was defined as the amount which catalyzed the addition of 1 ,umol of amino acid or dipeptide per min to the appropriate nucleotide precursor. The dependence of the reaction rate of the four activities considered here on substrate concentrations was examined under the conditions described above for concentrations in the range of 5 x 10-6 to 5 X 10-3 M. Km and Vm,,a values were obtained from double-reciprocal Lineweaver-Burk plots of the data.
Cell volume. To express the intracellular pool levels of the cytoplasmic peptidoglycan precursors in terms of molar concentrations, it was necessary to determine the cell volume. This was accomplished by examining the compartmentation of radiolabeled inulin and water in cell pellets. Inulin cannot cross the outer membrane of E. coli and is thus located only in the interstitial volume of the cell pellet. Water is able to penetrate readily both the periplasmic and cytoplasmic compartments. The distributions of [carboxyl-14C]inulin and tritiated water were measured by the centrifugation procedure of Stock et al. (38) and led to the rapid determination of the interstitial and intracellular volumes. From these data, a cell volume of about 1.9 x 10"2 ml and a water content of about 1.5 x 10-12 ml were estimated for cells from both media. [14C]Ala (126 mCi/mmol) were prepared by the method of Gondre et al. (11) . The three different stereoisomers (meso, LL, and DD) of a,a'-DAP were prepared as described previously (40) .
Analytical procedures. Protein was estimated by the method of Lowry et al. (20) with crystalline bovine serum albumin as a standard. Quantitative amino acid analyses were performed with either a Biotronik or a Beckman Multichrom amino acid analyzer. When required, samples were hydrolyzed in sealed tubes with 6 N HCI at 95°C for 16 h, and acid was removed in vacuo over KOH pellets. The determination of Nacetylhexosamines was carried out by the procedure of Ghuysen et al. (10) . Before the detection of MurNac, UDP-MurNac derivatives were submitted to mild acid hydrolysis (0.1 N HCl at 100°C for 3 min).
The techniques used for the reverse-phase HPLC have been described previously (6). On the elution patterns of crude mixtures recorded at 262 nm, the identification of the peak containing a given uridine nucleotide precursor was achieved by comparing retention times with that of a pure sample or by adding an excess of the pure precursor in a separate run.
The determination of D and L isomers of alanine was based on the procedure of Wellner and Lichtenberg (43) involving the enzymatic degradation by D-and Lamino acid oxidases. The amount of L-glutamic acid was determined by treating a portion of the extract in a VOL. 151, 1982 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from reaction mixture incubated at 37°C for 3 h containing, in a final volume of 250 ,l, 0.05 M sodium acetate buffer (pH 5.5) and 400 ,ug of L-glutamate decarboxylase. In all cases, concentrations were determined by calculating the difference in amino acid contents before and after enzymatic treatment. Total DAP was isolated from the extract by using the Beckman amino acid analyzer without ninhydrin. The relative amounts of the meso and LL isomers of DAP present in the fraction thus obtained were determined by dinitrophenylating the mixture by the method of Ghuysen et al. (10) , separating the two corresponding di-dinitrophenyl-DAP derivatives by the method of JuMid et al. (15) , and recovering the two products and measuring their absorbance at 360 nm in methanol-ammonia (10). D-Alanyl-D-alanine, isolated by using the amino acid analyzer without ninhydrin, was estimated by its alanine content determined after acid hydrolysis.
RESULTS
Pool levels of the cytoplasmic peptidoglycan precursors. The first purification step of the UDP-MurNac peptide precursors from cell extracts of E. coli K-12 was achieved by gel filtration on fine Sephadex G-25 (Fig. la) ) and for N-acetylhexosamine content (0). The void volume (105 ml) was determined by dextran blue 2,000, and the total volume (190 ml) was determined by NaCI. for bound N-acetylhexosamine was located in two peaks. The main peak, peak 1, was eluted first, slightly after the exclusion volume (distribution coefficient [Kd = 0.08), and contained UDP-MurNac and its four peptide derivatives. Peak 2 contained no muramic acid. Such a secondary peak has already been observed (8, 35) , but the corresponding material has not yet been identified.
It has been shown previously (6) that standard mixtures of the uridine nucleotide precursors can be rapidly and efficiently analyzed by reverse-phase HPLC on a ,u-Bondapak C18 analytical column eluted with an appropriate ammonium phosphate buffer. When material from peak 1 was analyzed under such conditions, UDPMurNac-L-Ala and UDP-MurNac-tripeptide were poorly separated. This was presumably due to the presence of compounds other than the uridine nucleotide precursors, which slightly modified the retention times. As shown in Fig. lb, this difficulty was overcome by using a larger p,-Bondapak C18 column (7.9 by 300 mm).
The order of elution of these precursors was the same as that described earlier (6). Quantitations were carried out by determination of the muramic acid or DAP content of each precursor recovered after HPLC or by direct integration of the peaks recorded at 262 nm (6). However, a good correlation between these two methods was observed only with UDP-MurNac-pentapeptide. In the other cases, each identified precursor peak still contained, in addition, some other UVabsorbing material, which thus precluded the use of the direct integration method.
The pool levels of most of the cytoplasmic precursors of peptidoglycan synthesis were determined for exponential-phase cells of E. coli, grown in either minimal medium or rich medium ( Table 1) . The most striking features were: (i) the low pool levels of UDP-MurNac, UDPMurNac-L-Ala, UDP-MurNac-L-Ala-D-Glu, and UDP-MurNac-L-Ala-y-D-Glu-meso-DAP, which did not vary greatly, except for UDP-MurNac, between the two culture conditions; (ii) the high pool level of UDP-MurNac-pentapeptide in cells grown in rich medium and its lower level in cells grown in minimal medium, accompanied by a higher UDP-MurNac content; (iii) the high pool levels of alanine and glutamic acid in cells grown in rich medium; (iv) the higher pool level of DAP in cells grown in minimal medium than in cells grown in rich medium. It was also noteworthy that the values found for the total amount of UDP-MurNac and its derivatives (400 to 600 nmol/g [dry weight] of bacteria) resembled that published previously (4) for E. coli K-235 (540 nmol/g [dry weight] of bacteria). Glutamic acid and alanine were the main amino acids present in the cell extracts. Regardless of the growth c Calculated by assuming a cell water content of 1.5 x l-12 ml. medium, both were 90% in the L configuration, whereas the ratio of LL to meso isomers of DAP was ca. 1. The values obtained when the pool levels of the different precursors were expressed in terms of molar concentration (Table 1) should not be viewed as absolute, since in the present work the water content of the periplasmic compartment was not determined. By using labeled sucrose, Stock et al. (38) have estimated that the periplasm accounts for 20% of the water content of E. coli. If this value is taken into consideration, all the concentration values reported in Table 1 should be 25% higher.
Kinetic properties of four cytoplasmic peptidoglycan synthetases. The UDP-MurNac-L-Ala, UDP-MurNac-L-Ala-D-Glu, UDP-MurNac-LAla-y-D-Glu-meso-DAP, and UDP-MurNac-LAla-y-D-Glu-meso-DAP-D-Ala-D-Ala synthetase activities were investigated in the 100,000 x g supernatant of the cell extract from E. coli K-12.
It was assumed that all these activities were completely soluble (21) . The time range of incubation or the amount of extract yielding linear kinetics was established in each case.
Each synthetase has two substrates, the appropriate nucleotide precursor and an amino Table 2 . Owing to the possible presence of inhibiting systems or nonspecific binding sites or both in the crude enzyme preparations used in this study, the Km values should only be considered as apparent. The effect of ATP-Mg2+, which can also be considered a substrate, was not systematically examined.
In the assay for the L-alanine adding enzyme, radioactive products other than UDP-MurNac-L-Ala were encountered. These compounds were unrelated to this activity and could easily be separated from UDP-MurNac-L-Ala by HPLC (see Materials and Methods). In the assays for the other synthetase activities investigated, no significant by-products were observed. It is noteworthy that the amount of L-alanine adding activity in crude extracts was much lower than that of the three other activities (Table 2 ). This fact was repeatedly observed whatever the enzyme preparation.
Activity of the synthetases under pseudophysiological conditions. To determine whether the activities measured in vitro for the synthetases investigated here had any relevance to their in vivo functioning, an attempt was made to compare the activities of extracts from exponentialphase cells with the amount of peptidoglycan material synthesized by the same cells. Obviously, activities should be determined under in vitro conditions that resemble the physiological ones as closely as possible. However, aside from the substrate concentrations determined here, there was some difficulty in defining what such conditions should be for other factors on which these activities might be dependent: pH, buffer concentration, ATP and Mg2+ concentrations, enzyme concentration, etc. Taking into account the fact that the ATP content of E. coli has been estimated at about 5 ,umol/g (dry weight) (16) and that under our conditions 1 g (dry weight) is equivalent to ca. 2 ml of cellular water content (see Materials and Methods), its cellular molar concentration should be at least 2.5 x 10-3 M. A Km value of 2.10-4 M for ATP was determined with UDP-MurNac-pentapeptide synthetase (data not shown). Similar values have already been reported with synthetase of Staphylococcus aureus (13, 28, 30) and Bacillus cereus (27) . The Mg2+ content of E. coli has recently been estimated at 10-1 M (29), and, considering that 95% of it is bound (37), the osmotically free Mg2+ content could be estimated at ca. 5 x 10-3 M. It was therefore reasonable to assume that ATP and Mg2+ were not limiting factors for these activities in exponential-phase cells. Both were thus used at the concentrations of the standard assays. The pH and buffer concentration were also those of the standard assays. The total activity of each adding enzyme present in the extract from cells grown in rich medium was determined under pseudophysiological conditions for a period of one generation time ( Table 3) . The values obtained for the Dglutamic acid, meso-DAP, and D-alanyl-D-alanine adding activities were all on the order of 1 to 3 ,u.mol, whereas a great part of the L-alanine activity was not expressed under the in vitro conditions chosen. These activities were also compared with the amount of peptidoglycan isolated from cells equivalent in growth and number to those used for the enzyme extract (Table 3 ). The isolated peptidoglycan material contained 3.1 ,umol of DAP, which corresponded to 4.7 x 106 molecules per cell. This value was somewhat higher than that (2.7 x 106) reported earlier for E. coli K-12 (3) .
Inhibition of synthetase activities. The effects of the various uridine nucleotide precursors on the L-alanine, D-glutamic acid, meso-DAP, and D-alanyl-D-alanine adding activities were examined under pseudophysiological conditions (Table 4). The first three activities were partially 
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a Activities were determined as described in the text, except that the substrate concentrations were those given in Table 1 which is its reaction product, was undoubtedly an artifact, since it was not observed when a saturated concentration of UDP-MurNac-tripeptide was used in the assay. Presumably, this stimulating effect was due to an increase of the normally low UDP-MurNac-tripeptide concentration (2.4 x 10-6 M), resulting from the removal of D-alanyl-D-alanine from UDP-MurNacpentapeptide by a specific peptidase known to be present in the cell extract (11) . It was also verified that 10-3 M D-alanine, L-glutamic acid, and LL-DAP, which are cytoplasmic compounds, had no effect on the corresponding adding enzymes for which their isomers are substrates. Similarly, 10-3 M L-lysine was without effect on the meso-DAP adding activity. DISCUSSION In the present study, the association of the gel filtration technique initially described by Rosenthal and Sharon (35) (24) and Raunio and Rosenqvist (33) . However, the 0.11 value determined for the D-alanine/L-alanine ratio differed somewhat from those published previously: 0.6 for Lambert and Neuhaus (17), 1.5 for Atherton et al. (2) , and 22 for Manning et al. (25) . This variability may be due to the fact, observed by Wargel et al. (42) , that the size of the alanine pool and the D-alanine/Lalanine ratio are greatly sensitive to growth conditions. Moreover, the pool concentration of alanine has been shown to be inversely related to the specific activity of L-alanine racemase (17) . Ishiguro and Ramey (12) have stressed that The apparent Km values determined for the substrates of the four synthetases examined were similar to those found with the same activities from other bacteria (13, 27, 28, 30, 31) . It is noteworthy that the cell concentrations of alanine, glutamic acid, DAP, and D-alanyl-D-alanine were all much higher than the Km values determined for these substrates, whereas the concentrations of the uridine nucleotide precursors were lower than or about the same order of magnitude as the corresponding Km values. Two examples will suffice to show the importance of these concentration differences between precursors when considering their pool turnover during exponential-phase growth. For a UDP-MurNac peptide, a 10 M intracellular concentration corresponds to ca. 10,000 molecules per cell, which represents 0.2% of the amount of peptidoglycan made in one generation time. On the other hand, a 5 x 10-4 M DAP concentration corresponds to about 5 x 105 molecules per cell, which represents ca. 10% of the amount of peptidoglycan made in one generation time. Thus, high turnover values should characterize the pools of the uridine nucleotide. Consequently, the blocking of any cytoplasmic step should lead to a rapid depletion of the uridine nucleotide precursors of the subsequent steps and to an abrupt arrest of peptidoglycan synthesis.
The values determined 'br the D-glutamic acid, meso-DAP, and D-alatfyl-D-alanine adding activities under pseudophysiological conditions were probably only very rough estimates of their true in vivo levels. Nonetheless, they showed that these three activities were of the same order of magnitude. Furthermore, the fact that they were not higher than the DAP content of peptidoglycan suggests that perhaps, under normal growth conditions, these activities are not in excess in the cell, but are more or less adjusted to the requirements of peptidoglycan synthesis. It is unclear whether the low in vitro level of Lalanine adding activity was due to the instability of the enzyme or to the lack of some effector. Extracts from many bacteria have been found to contain low levels of this activity (14, 21, 28) .
Requirements (NH4', Mn2+, etc.) for the enzyme from S. aureus have been defined (28) . Furthermore, the activity from E. coli K-12 was assayed by Lugtenberg (21) in the presence of Dcycloserine so as to avoid consumption of Lalanine by L-alanine racemase. Even when we took these facts into consideration, the L-alanine adding activity remained at a low level.
From the data reported in the present work, a few comments can be made regarding possible regulatory mechanisms. The inhibition by excess substrates observed with the D-glutamic acid and D-alanyl-D-alanine adding enzymes occurred for concentrations higher than 10-4 M. Owing to the low in vivo concentrations of UDPMurNac-L-Ala (10-5 M) and UDP-MurNac-tripeptide (5.5 x 10-6 M), this effect has perhaps little physiological significance. The inhibition of the L-alanine, D-glutamic acid, and meso-DAP adding enzymes by their reaction products was also probably of little physiological significance, since it was observed at concentrations 100-fold higher than the normal intracellular concentrations. Presumably, the same can be said of the effect of 10-3 to 10-2 M UDP-MurNac-pentapeptide on UDP-GlcNac-enolpyruvate synthetase observed by Venkateswaran et al. (41) . Finally, the higher pool level of UDP-MurNac in cells grown in minimal medium, as compared with that of cells grown in rich medium, was noteworthy. It has been suggested that the cell content of this precursor may be dependent on the L-alanine adding activity (21) . Further work will be necessary to determine whether this activity is subject to specific control mechanisms.
